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Nonlithostatic pressure during subduction and collision and the formation of (ultra)high-pressure rocks

Georg Reuber et al.

NON-LITHOSTATIC PRESSURES DURING SUBDUCTION

AND COLLISION — SUPPLEMENTARY MATERIAL

Here, we first describe the numerical method we use along with a discussion on the employed
rheologies and the use of plastic friction angle in many geodynamic models (part S1). In a
subsequent section (S2) we describe the model setup and compare results of our finite element
code with the earlier results of Li et al. (2010) obtained with a staggered finite difference
method. We than describe the effect of adding an inclusion in the reference model in more detail
(S3), followed by a summary of the systematic results (S4) and a discussion of the effect of

elasticity on the conclusions.

S1. Method

The simulations described in this paper are computed with the thermo-mechanical marker-and-
cell finite-element code, MVEP2 (Thielmann and Kaus, 2012; Johnson et al., 2014) that
simulates deformation of the lithosphere and mantle in the presence of a free surface for

temperature-dependent viscoelastoplastic rock rheologies.

Governing equations

The conservation of mass and the momentum for slowly deforming incompressible rocks are

axl-
oP aTij
_ L T (2)
0x; + ax, P9
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where v; denotes velocity, P pressure, 7;; the components of the deviatoric stress tensor, g;
gravitational acceleration and p density. Density is assumed to be temperature-dependent
according to:

p=po(1—a(—Tp)) 3)
where a is the thermal expansion coefficient, and pythe density at room temperature 7.

We employ a Maxwell visco-elasto-plastic rheology

; ; ; 1 Dty Tii . 0Q
& . = ég}astlc 4 griscous ép'lastlc - ij + ij +i
13 9] 19 5] ZG Dt zneff anj (4)

> . . Dty
where €;; are the components of the strain rate tensor, G the elastic shear modulus, D—;’ Jaumann

objective derivative of the deviatoric stress tensor (Thielmann et al., 2015), n.¢ the effective
viscosity which generally depends on stress and temperature, A a plastic multiplyer that ensures
that stresses are below or at the yield stress, Q the plastic flow potential and g;; = —Pé;; + 75
the components of the stress tensor with J; being the Kronecker delta. Most simulations
presented here do not take elasticity into account for consistency with the earlier results of Li et
al. (2010), which is achieved by setting G to a very large value (10° Pa). Yet, we did test the
effect of elasticity on our general conclusions which shows that it does not significantly change

the results (section S5). In addition, we also solve the energy equation which is given by

oT oT d oT
pC”(E-I_via_xi):6_xi<k6_xi>+Ha+Hr+Hs (5)
where ¢, is the heat capacity, k the thermal conductivity, H, radioactive heating, Hs =
(& — éfjlasm) shear heating caused by dissipative processes, and H, = —Tapg,v, adiabatic
heating.



38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

Viscosity

The effective viscosity is computed according to

E+PV)

nRT (©)

1-n
Nege = FATY™(é) ™ exp (
where n is a powerlaw exponent, E the activation energy, V the activation volume, &; =

(O.Séi i€ ]-)0'5 the second invariant of the strain rate tensor, R the universal gas constant, F’ a
coefficient that depends on whether the experiment was done for uniaxial or simple shear
conditions (Gerya, 2009), and 4 an experimentally determined pre-factor. Values are taken from
laboratory experiments and are listed in Table S2.

In all simulations in this paper, a viscosity cutoff of 10*° Pas and 10"’ Pas is employed.

Plasticity

The maximum stress of rocks is limited, and in the crust, this maximum yield stress is pressure
dependent according to Byerlees law. The usual way in which this is modelled in geodynamic
codes is by imposing a Mohr-Coulomb or Drucker-Prager yield criterium which is given by

Oyieta = C + (P — Pr) (7

where C is the rock cohesion, P dynamic pressure, P, fluid pressure and u the coefficient of
friction . Byerlees law, based on experiments, suggests that y is 0.85 for pressures smaller than
200 MPa and u = 0.6 for pressures larger than that (Byerlee, 1978). In-situ stress measurements
in (deep) drill holes in the upper crust suggest that u varies between 0.6 and 1.0 with the upper
values being applicable for the uppermost crust (Townend and Zoback, 2000). The San Andreas
Fault Observatory at Depth (SAFOD) drill-hole gave an opportunity to measure the plastic
strength of rocks just outside and within the San Andreas Fault zone, which showed that u is

around 0.6 outside the fault and reduced to 0.15 on the actual fault itself (Lockner et al., 2011),
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which suggests that Byerlees law is valid as a general first-order approximation of the yield
stress of the overall crust, outside major fault zones which have smaller values. Often, the yield
stress is expressed in terms of a friction angle rather than a friction coefficient, where u =
tan(¢). With that, equation (7) can be rewritten as

Oyieta = C + (P — Pr)tan(¢) (8)

At yielding, the radius of the Mohr-circle touches the yield strength envelope. The radius of the

) . . . o 0.5
Mohr circle is given by the second invariant of the (deviatoric) stress tensor, 7;; = (0.5Ti T j) .

This gives the following trigonometric expression

Tyr

sin(¢) = —¢
tan(g) +(P—Pr)

which can be written as

T, = Ccos(¢p) + (P — Pf)sin(¢)

Stresses in the model should be smaller or equal to this yield stress
T < Ccos(¢p) + (P - Pf)sin(gb) 9)
This can again be rewritten as

7, < Ccos(¢p) + PAsin(¢) (10)

where A = <1 — Pi) is a factor that depends on how high the fluid pressure is. If there are no
f

fluids, Pr = 0 and A = 1.1If, on the other hand, fluid is present in small unconnected pores within
the rock, the fluid pressure might reach P and A = 0. If fluid pressure is present in an
interconnected network that reaches to the Earth surface, the fluid pressure is close to

hydrostatic, and P = prgz, where pris the fluid density (around 1000 kg/m® for water) and z
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the depth. If the rock pressure is lithostatic, P = pgz, which gives, using a rock density of 3000

kg/m’, A = 2 = 0.67. If, however, rock pressure is twice larger than lithostatic and fluid pressure

remains hydrostatic we obtain 1 = Z = 0.83.
Some authors use an effective friction angle ¢ rather than the true friction angle ¢ and a pore-
fluid factor A. This can be derived by stating that

sin(@er) = Asin(¢)

in that case we can reformulate equation (10) as
71 < Ccos() + Psin(err) (11)

With ¢ = asin (Asin(¢)). This derivation shows that even if we use an effective friction angle
in the yield stress, we also need to take the “dry” friction angle ¢ into account. Some authors
simply replace the friction angle in their model ¢ with a smaller value ¢.¢ and justify this
with elevated fluid pressures. The yield stress criterion they solve in that case is:

Ty < Ccos(degr) + Psin(Pegr)
which is only correct if the cohesion is zero (which it often is not). Whereas it might be argued
that cohesion is a small term in the expression above, this discussion does show that it is actually
better to incorporate equation (10) directly in the numerical code rather than using small friction
angle values.
As discussed, experimental evidence in rocks from the SAFOD experiment shows that u =
0.6 (¢ = 31°) in the crust (also just outside the large fault zone), and is only reduced to smaller
values of u = 0.15 (¢ = 8.5°) within the actively deforming fault zones. If one wishes to
correctly model the long-term averaged state of stress in the crust, it is thus probably best to use

a “dry” coefficient of friction for crustal rocks, and weaken this within fault zones only.
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Models of subduction dynamics and collision generally use a rather small friction angle within
the subduction channel to prevent unrealistically high topographies and slab breakoff to develop,
an effect which we also find in our simulations. Using a low friction angle for sedimentary rocks
at the ocean floor seems indeed justified to a certain extent as (unconsolidated) sediments on the
ocean floor are water rich and might develop high fluid pressures at larger depth.

Another recent argument is that melt propagation in dikes results in short bursts of weakness of
the lithosphere. The long-term mechanical behavior of the lithosphere, and the dissipation of its
mechanical energy, was shown to strongly correlate to the energy that is dissipated during rapid
magmatic diking events, which was shown to result in values of A of 10*-107 (Gerya et al.,
2015). Whereas we agree that the mechanical deformation of the lithosphere might be controlled
by the small period’s weakness, using very small values of 4 will result in small stresses (and
pressures) throughout the whole simulation. Metamorphic reactions require time and as such
they are more likely controlled by the larger stresses that exist during amagmatic periods, rather
than by what happens during a rapid magmatic event, and we would therefore argue for using the
dry friction values throughout most of the crust and employing small values only on strongly
weakened fault zones.

From the yield stress expression (eq. (10)), one can compute an effective plastic viscosity:

_ Ccos(¢) + PAsin(¢)

12

77pl

The effective plastic viscosity is then adapted such that stresses remain at or below yield stresses,
which require nonlinear iterations (Kaus, 2010). In our code we employ fixed-point iterations to
deal with those.

Erosion and sedimentation

The free surface hi,p, evolves according to:
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where v is the sedimentation rate which is 1 mm/yr if hi,p, < 100m, and v,
is the erosion rate which is -3 mm/yr if hiype > 4000m. The free surface is remeshed to the

new grid location at every time step, using the x-coordinates of the finite element mesh.

Numerical method

Our numerical equations (1-6) and (11) are solved numerically using the MATLAB-based finite
element method MVEP2, which is a further-development of MILAMIN VEP (Kaus, 2010;
Thielmann and Kaus, 2012) that uses markers to track material properties, and creates a new
topography-following mesh at every time step. As most other geodynamic codes, we use
pressure, velocity and temperature as primary variables. For most simulations reported here, we
employ Q;Py elements with direct solvers. We performed a few tests with higher order Q,P_
elements and found the first-order effects such as geometry, magnitude and distribution of
pressures to be the same, even though the peak pressures are slightly larger for Q,P.; elements

(on the order of ~100 MPa in the strong inclusion case of Figure 1).

Non-lithostatic pressure

Pressure is defined as the negative trace of the stress tensor and is one of our solution variables,
and since we use a free surface upper boundary condition it is uniquely defined in our
simulations. In order to compare this with the lithostatic pressure we need a method to compute
the equivalent lithostatic pressure everywhere in our model. Technically, it can be derived from
the force balance equation (eq. (2)) under the assumption that deviatoric stresses are zero, which

gives:
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In the case that density is constant and gravity acts in the negative vertical direction and is zero at
the Earth’s surface, we can solve this analytically:
P, = pgh

where 4 is depth. Yet, in our models density actually depends on phase and temperature.
Moreover, we use a deformed finite element mesh where density values are only evaluated at
integration points. In order to compute lithostatic pressure in that case, we could interpolate
density values on a regular grid and integrate the pressure numerically, starting at the surface.
Yet, this gives rise to interpolation errors. A better method is to discretize equation (13) with a
finite element method and employ the same shape functions and deformed elements as we use in
the thermomechanical code. This requires a boundary condition, which is that P, = 0 at the
surface. We implemented this method which compares well with the normal integration method
but is more consistent with the overall code. Once this is computed, the non-lithostatic pressure
can be evaluated with

Pr=P-P (14)
Tracking P-T evolution of rocks
In order to create plots of the maximum pressure that a particle experienced during its model
evolution, one could store all particles during the full model evolution. Yet, in practice this
requires immense storage volumes, particularly if several hundred simulations are performed.
We therefore use a different technique, which traces particles backwards in time though the
model using a 4™ order Runga-Kutta method in time, which uses stored velocity fields. We
compared this method with simulations in which the full particle fields were stored and found

that this method yielded nearly identical results provided that sufficient intermediate velocity
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fields are stored. We used this method to create plots of the maximum pressure that a marker
experienced during its model evolution in figure 1.

The PT-paths shown in figure 1 were computed from a single marker, but we compared the
results with a case in which 50 markers were used and found the results to be similar.

The quartz/coesite phase transition was calculated using THERMOCALC v3.62 and the Holland &

Powell (2011) database.

Rheology parameters employed

A summary of all rheology parameters employed in the models is given in Table S1. Parameters
are taken from (Shelton and Tullis, 1981; Kirby, 1983; Ranalli and Murphy, 1987; Wilks and
Carter, 1990; Bittner and Schmeling, 1995; Ranalli, 1995; Mackwell and Zimmerman, 1998;

Turcotte and Schubert, 2002).

S2. Model setup and reproducing earlier results

Model setup

Unlike the study of Li et al. (2010), which employed a marker and cell finite difference method
(Gerya and Yuen, 2007), we use an independently developed thermo-mechanical finite element
code (MVEP2; see supplementary material and (Thielmann and Kaus, 2012; Johnson et al.,
2014) for details). The initial model setup has two continents, each with a 2 km sedimentary
cover layer, a 15.5 km thick quartzitic upper and a 17.5 km thick plagioclase lower crust (Figure
Sla; see table S1 for all employed model parameters). Subduction is initiated by imposing a
constant convergence velocity of 3 cm/a for the rightmost lithosphere together with an initial

weak zone. The initial geotherm increases linearly from 0°C at the surface to 1350°C at 150 km
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depth (i.e., 9°C/km), after which it increases adiabatically to 1605°C at the isothermal lower
boundary. The side and lower boundaries are free slip whereas the upper boundary is stress free,
which is slightly different than the models of (Li et al., 2010) who use an “infinite-like” lower
boundary together with a sticky air layer to simulate water and air (see Fig. Sla for the model
setup). The upper boundary is subjected to a constant erosion rate of 3 mm/a when the elevation
is higher than 4 km and to a constant sedimentation rate of 1 mm/a for areas below 100 meters
(Li et al. 2010 did not specify an erosion/sedimentation rate but from their figures it appears that
erosion was active). We employ ~7 million markers to track composition and temperature and
employ quadrilateral finite elements with a resolution that varies from 30x30 km at the lateral
boundaries to 2x2 km around the subduction zone. The rheology we employ uses laboratory-
derived creep laws for viscous rocks combined with a frictional plastic (pressure-dependent)
yield stress (see Fig. S1b for a strength-envelop representation of the rheology used in our
models, for a constant background strain rate of 10™° s™). Our model parameters closely follow
those used by (Li et al.,, 2010) (see supplementary tables 1), but are not identical. We, for
example, use a constant rather than a temperature dependent thermal conductivity and ignore
melting and crystallization.

The reference simulation has a laterally homogeneous crust with a plastic friction angle of 7°, to
reflect high fluid pressures in the crust. This value is considerably smaller than the ~40°
determined experimentally (Byerlee, 1978) and ~30° by in-situ stress measurements in boreholes

(Townend and Zoback, 2000).

10
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Figure S1 | Model setup and strength for the simulations shown here: A) The model setup consists of two
continents separated by a weak zone, where colors indicate: l’2Sediments; 3 ’4Upper crust; >SLower crust;
"Lithospheric mantle; *Asthenospheric mantle; *Upper weak zone; '*Lower weak zone. The lithosphere is pushed
from the right with a constant velocity within the red box. B) Strength envelop for the model setup we employed
under a constant, pure shear, background strain rate of 10! (note that strain rates, and therefore stresses, in the

2D simulations vary significantly).

Reproducing earlier results
The simulation results in subduction initiation, followed by formation of a subduction channel,

burial and exhumation of upper crustal rocks and subduction of lower crustal rocks. The overall

11
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geometry and thermal evolution of our model is very similar to the previously published results,
apart from small-scale features within the upper crust and subduction wedge (Figure S2). Plots of
the non-lithostatic pressure component during various model stages are similar as well, and show
that pressures within the strong mantle lithosphere can strongly deviate from lithostatic
(supplementary Figure S3 and S4). In both models, pressures within the subduction channel,
from which rocks are exhumed at later stages, remain close to lithostatic suggesting that
petrological pressure estimates can be directly transferred into depth for low effective friction
angles.

Overall, the results agree, but there are some differences in the numerical approach. First, we
used a free slip lower boundary condition, rather than an ‘infinite’ like lower boundary, which
might be the major reason why Li et al. (2010) have a change in slab polarity in the middle of the
simulation, which our results do not show. Also, it was not possible to obtain the exact same
number of particles or the geometry of the subduction channel. We did not implement the phase
transition to molten material and do not set a ‘water’ phase if topography is below zero, which
might be the reason for the different material circulation within the sediment phase. Given that
we use completely independently developed codes and even different numerical techniques, we
can reproduce their results reasonably well particularly with respect to the shape of the
subduction channel and the maximum non-lithostatic pressure values reached. Differences in the
deformation patterns in the crust are expected as such fine scale features are not resolved with

the model resolution employed here.
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S3. Effect of heterogeneity

In order to test the effect of heterogeneities, we emplaced a heterogeneity of type ”A” (Fig. S1)
at the upper/lower crust boundary which is otherwise identical to the one described earlier. The
heterogeneity has a thickness of 10 km and a width of 150 km, which is larger than typical
crustal heterogeneities but ensures that it is computationally well-resolved. Results show that the
presence of the heterogeneity affects the deformation and exhumation patterns within the upper
crust and mountain belt, but does not have a major impact on the overall subduction dynamics
(Figure S5a). Yet, the maximum recorded pressures during the lifetime of the heterogeneity are
significantly larger than lithostatic (Figure S5b), which can be attributed to compression and

bending of the layer.

Noinclusion - InclusionA

—— = g

/

1700 1750 1800 1850 1900 1950 2000 2050 2100 2150

1700 1750 1800 1850 1900 1950 2000 2050 2100 2150

Figure S5 | Simulations with homogeneous and heterogeneous crust: A) Model evolution of a simulation with a
homogeneous and weak crust, with an effective friction angle of 7° (as in Li et al. (2010)). B) The maximum non-
lithostatic pressure that every marker experienced during the full model evolution after 10 Ma, normalized to the
lithostatic pressure, which shows that the subduction channel is close to lithostatic in agreement with earlier results.
C) Simulation in which a strong inclusion was inserted in the otherwise weak crust (inclusion A) and E)
corresponding non-lithostatic pressure, which demonstrates that the exhumed heterogeneity has experienced

significant non-lithostatic pressures.
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272 S4. Overview of systematic simulations
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We have performed in total over 400 simulations, of which we compiled about 130 simulations
in Table S2 as they are closely related to the model setup in the main paper. Simulations shown

in figure 1 and 2 are highlighted in red, and simulations shown on Fig.S6 in green in the table.
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Figure S6, Part 2 | Systematic simulations.
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Figure S6, Part 3 | Systematic simulation

19




287
288

‘Composition

E
£
£.
5
K

Cepth [km]

-200°

1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 1650 1700
Width [km]

Maximum Overpressure Evolution

Maximum Overpressure Evolution

IH_20_x1920

1750 1800 1850 1900 1950 2000 2050 2100 2150 2200
Width [kml
—

650 1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 2200
Width fkml
m—

—_—
Compositon

Maximum Overpressure Evolution

Maximum Overpressure Evolution

£ E E
: 2 Z
g 5 £
8 8 8
a a
150| 150
T Wyr IH_X1990
200 - X
1700 1750 1600 1850 1800 1650 2000 2050 2100 2150 1650 1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 2200 1650 1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 2200
Width (k] Width [kml Width [km]
W —

Composition

Maximum Overpressure Evolution

Maximum Overpressure Evolution

o1 Myt

-200
1650 1700

1700 1750 1800 1850 1900 1950 2000 2050 2100 2150
Width (k]

IA_30_3_A

B E T
£ z- £
o o [=}
150
IW_s150
. 200
1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 1650 1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 2200 1650 1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 2200
Width [km] Width fkml Width [km]
—— —
Composition Maximum Overpressure Evolution Maximum Overpressure Evolution
- -
) —
0]
g E g
£ -100 E
§ 5 §
Q o o
-150 150

1750 1800 1850 1900 1950 2000 2050 2100 2150 2200
Width [km]
m—

“eso 2100 2150 2200

1700 1750 1800 1850 1900 1950 2000 2050
Width [kml
m—

Composition

Maximum Overpressure Evolution

Maximum Overpressure Evolution

oL
nm
7

Depth [km]
Depth [km]
8

105 Myr

-200

IA_60x6_d1

Depth [km]

———————

“eso

Width (k]

1850 1900 1950
Width fkl
T e —
06 08

04 02 0 02 04
Maximum Overpressure [GPal

7
1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 1650 1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 2200 1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 2200
Width [km] Width [kml Width Tkl
m—
Composition Maximum Overpressure Evolution Maximum Overpressure Evolution
0
-50|
T £
<100 H
E -
£ 3
3 g
2 a
-150|
] 130 Myr IW_100x10_d1
200 E
1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 1650 1700 1750 1800 2000 2050 2100 2150 2200 1650 2100 2150 2200

1700 1750 1800 1850 1900 1950 2000 2050
Width kml

— i ™
-150

0 50
Maximum Overpressure (%]

Figure S6, Part 4 | Systematic simulations.
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Figure S6, Part 5 | Systematic simulations.

The PT evolution of the tracers are shown on figure S7,

pressure and temperature is shown on figure S8.

whereas the temporal evolution of
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296 Figure S7. PT-path of the systematic simulations shown in Fig 2. Red lines refer to inclusions, blue lines to
297 tracers within the subduction channel and black lines to tracers within the strong lower crust.
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301 curves are caused by a shear heating instability event, whereas a more gradual increase is caused by ordinary
302 warming within a subduction channel. Fluctuations in pressure occur as a result of deformation of the inclusion and
303 the evolution of the whole collision system.
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SS. Effect of elasticity

For consistency with the earlier results of Li et al. (2010) we performed most simulations with a
viscoplastic rheology. Yet, real rocks have elastic effects as well and it is thus interesting to see
whether the effects of elasticity significantly alter the results described here. We have therefore
repeated the simulations shown on Fig. 1 with elasticity included (using an elastic shear module
of G=10'"" Pa), starting from an initially stress-free state. Results show that the overall
subduction geometry is largely the same, as is the shape of the heterogeneity (Fig. S9 and S10).
The distribution of the overpressure areas is similar, even though peak pressures are slightly
lower (in the strong inclusion case, we obtain a peak pressure of ~2.5 GPa, vs 2.6 GPa in the
viscoplastic case). Some differences exist in the distribution of the deviatoric stresses, which we
attribute to the fact that deformation was ongoing during the stress-buildup stage of our
simulations. In nature, it is unlikely that continental collision starts from an initially stress-free

state, which would likely reduce the differences between the two endmember cases.
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a viscoelastoplastic rheology after 10.0 Ma. Shown are the geometry, relative and absolute overpressure obtained
throughout the simulation and the maximum of the second invariant of the deviatoric stress tensor achieved during

the simulation. Inset shows a typical P-T path.
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Figure S10. Viscoplastic vs. viscoelastoplastic simulations for the case with a strong lower crust. Left: the
simulation shown on Figure 1b which has a viscoplastic rheology after 8.1 Ma. Right: the same simulation but with
a viscoelastoplastic rheology after 8.0 Ma. Shown are the geometry, relative and absolute overpressure obtained
throughout the simulation and the maximum of the second invariant of the deviatoric stress tensor achieved during
the simulation. Inset shows a typical P-T path.

25



338

339
340

341

342

343
344
345

346
347
348

349
350
351

352
353

354
355
356

357
358

359

360
361

362
363

364
365
366

367
368
369

370

References

Bittner, D., and Schmeling, H., 1995, Numerical modelling of melting processes and induced
diapirism in the lower crust: Geophysical Journal International, v. 123, no. 1, p. 59-70.

Byerlee, J., 1978, Friction of rocks: Pure and Applied Geophysics, v. 116, p. 615-626.
Gerya, T., 2009, Introduction to Numerical Geodynamic Modelling: Cambridge.

Gerya, T.V., Stern, R.J., Baes, M., Sobolev, S.V., and Whattam, S.A., 2015, Plate tectonics on
the Earth triggered by plume-induced subduction initiation: v. 527, no. 7577, p. 221-225,
doi: 10.1038/nature15752.

Johnson, T.E., Brown, M., Kaus, B., and VanTongeren, J.A., 2014, Delamination and recycling
of Archaean crust caused by gravitational instabilities: Nature Geoscience, v. 7, no. 1, p. 47—
52, doi: 10.1038/NGEO2019.

Kaus, B., 2010, Factors that control the angle of shear bands in geodynamic numerical models of
brittle  deformation: = Tectonophysics, v. 484, mno. 14, p. 3647, doi:
10.1016/j.tecto.2009.08.042.

Kirby, S.H., 1983, Rheology of the lithosphere: Reviews of Geophysics, v. 21, no. 6, p. 1458—
1487, doi: 10.1029/RG0211006p01458.

Lockner, D.A., Morrow, C., Moore, D., and Hickman, S., 2011, Low strength of deep San
Andreas fault gouge from SAFOD core: Nature, v. 472, no. 7341, p. 82-85, doi:
10.1038/nature09927.

Mackwell, S., and Zimmerman, M., 1998, High-temperature deformation of dry diabase with
application to tectonics on Venus: Journal of Geophysical Research.

Ranalli, G., 1995, Rheology of the Earth: Chapman \& Hall, London ; New York :.

Ranalli, G., and Murphy, D.C., 1987, Rheological stratification of the lithosphere:
Tectonophysics, v. 132, no. 4, p. 281-295.

Shelton, G., and Tullis, J., 1981, Shelton: Experimental flow laws for crustal rocks - Google
Scholar: Eos Trans. AGU.

Thielmann, M., and Kaus, B., 2012, Shear heating induced lithospheric-scale localization Does it
result in subduction?: Earth And Planetary Science Letters, v. 359-360, no. C, p. 1-13, doi:
10.1016/j.epsl.2012.10.002.

Thielmann, M., Kaus, B., and Popov, A.A., 2015, Lithospheric stresses in Rayleigh—Bénard

convection: effects of a free surface and a viscoelastic Maxwell rheology: Geophysical
Journal International, v. 203, no. 3, p. 2200-2219, doi: 10.1093/gji/ggv436.

Townend, J., and Zoback, M.D., 2000, How faulting keeps the crust strong: Geology, v. 28, no.

26



371 5, p. 399-402.
372 Turcotte, D.L., and Schubert, G., 2002, Geodynamics: Cambridge University Press.

373  Wilks, K.R., and Carter, N.L., 1990, Rheology of some continental lower crustal rocks:
374 Tectonophysics, v. 182, no. 1-2, p. 57-77, doi: 10.1016/0040-1951(90)90342-6.

375

27



GEET ‘SurPuyog pue U pue OTOZ T8 90 I ‘FI0g ‘Hoqnyds pue 93300IN], WOIj pajquuasse are siojowrered [edrSo[ooyl
(81020 8661 ‘[[PANIRIN :AF0[09Y1 oseqRI( ‘0661 ‘SHIIM g ‘G661 ‘TIBUCYH, ‘€861 AqQIM, ‘I86T ‘SN, Pue uoypys, ‘1861 Aydmy pue
Ieuey, ‘070z “T& %0 '] jo uoponpoider ayy 3deoxs suolyeMUWIS [[e Ul pesn sem Suljesy Iesys ‘[ s/w] QT 03 308 SI £}ABIY) ‘G-0¢ = ©
U3A posn sem SUIeL OlRqRIPY :posn alem jey) siojeurered [eqo[y) ‘UOBINAWOD A}ISOISIA Y} Ul POSN SWN[OA UOHYRAIOY :[jow/ ]
A ‘uoryeindurod £31S00STA 91} UT pasn ASIoue uolpear)oy :[jouwr/ry] f ‘uorjeindurod £)100sTA 973 UL pasn Io0joejord urlw:lmn:\/: Y ‘yoox
SIY}) 10J MEB[ MOJj PISN :MB[ MOJ} ‘YOOI 9T} JO S[SUR UOIOLY :¢ ‘NO0I a1} Jo uolsayoy) :[ed] D ‘A3suap o1y jo uolyendurod oY) ur pasn
omgeroduwe) sousrefel :[y] O, Yoo oYy jo Aysusp oy omnduwod 03 JueYL0d uolsuedxe [eurroy) (3 /1] © Pox oYy Jo Aysue( :[ /3]
0d ‘uoryeroueld yeoy earjovoIpRl [ W/ M] ) 01 oYl Jo Aparonpuod :[(3w)/ ] X Yooz oyy Jo Ayoeded jeey :[3/r] % ‘suoryenuls oy
ur posn s yey) owreu oseyd :oseyJ :9ySII 0} 1JO[ WOIj SUIPEIY] POLIEA oIom SIIOISE UR ()M SIojowere] ‘siojowrered posn Jo d[qel, 1S A T1dV.L

0 #SFY Ty vor'1 PMINUBLD OYBIN  46°9€ 991 £6¢ g-og x000€ 0 4 0001 uorsnouy
0 1LY v €97 PPUIATIO 19M 4TT'E 991 €62 g-og 0oge 0 4 000T [ouueTd yeopm
9-0L1 zeg g'e vo5T gPUIAIIO £10 89'8T 991 €62 g-og 00ge 8-92°C 661 0001 oroydsoust3sy
9-0L1 zeg ge vo5°T gPUIAIIO A1I0 89'8T 991 €62 g-og 00g€ 8-92°C 661 0001 aaydsoryy
0 8€¢ z'e Vog'e 4 (gL uy) eseporderd #8°9 991 £6¢ g-og 000€ L-0¢°g 161 000T 3SNID ToMOT]
0 98T Ve 9-0L9 o3z 89 901 £6¢ g-og 008% 9-96L'T vE'T 000T jsnao 1oddn
0 vST €T v-oT'Eg 1o3ZaIENd) 1M 9'8 901 £6¢ g-og 0082 9-96L'T ve'T 000T sjuewIpag
[low/ ]  [fow/ ] [[—Su_®edN] [ed] [>1] B/t [gu/s] [gw/m] (1) /m] [>1/1]

A et u v me| moy ¢ o) 01, 0 0d o) 3 dy aseyJ




TOTIONPQNs WO “[OUT JO 9OUSNPUI

e8ny - uolsnipur jo Surpueq o[qnoOp 8~ 09  L60 80 €0 -//- -//- -//- -//- -//- -//- 096T <= /-
adeys-A -
uorsnfour o8re[ e jo Surpueq xo[dwod 9e~ 0z [<3hs €0 €0 g1 -//- -//- -//- -//- -//- 002 -//- -//- G117V
odeys-r -
uotsnpour o31e] ® Jo Jurpueq xo(duwos ST~ g9 60 60  <£0 -//- 002€ -//- -//- -//- -//- -/- - - 4 0T-0GT™MI
adeys- -
uorsnpour o8ref ® jo Surpuaq xorduroo 8~ g9 960 60 LE0O -//- 0082 -//- -//- -//- -//- -/- - - 0T 0ST MI
adeys-A -
uorsnpour o3re[ ® jo Surpueq xojdwos  gg~ 09 1 <0 €0 -//- -//- -//- -//- -//- -//- 020¢ -//- -/ V uorsnpup
odoj Suoays - odeys-7 -
uorsnpour o31e ® Jo Jurpueq xojdwos gy~ 0L 1 6°0 8°0 -//- -//- -//- -//- -//- -//- -/- - - GpIns M1
Suipuaq
ou jsowe - ‘[OUI JO UOIONPYNS }se] ou o€ 80 - 980 -//- -//- -//- -//- -//- -//-  g%0T  -//-  -//- 0T0ST™®" MI
odeys-r -
uotsnpout o3re[  jo Jurpueq xoduwos I~ 09 <0 70 €0 -//- -//- -//- 44 -//- -//- -/~ - - 'y~ MO MI
adeys-r -
uotsnpout o81e[ ® Jo Suipueq xo[duod TI~ 09 1 90 LE0 -//- -//- -//- 0% -//- -//- -/- - - ©I YSIY~ MI
po-yes1q 9'6~ 09 11 L0 70 -//- -//- -//- -//-  proqnd -//- -//- -//- -//- proquo M1
odoy Buoays - go-yesaq - ¢ = TP e~ 09 60 L0 9°0 g1 -//- -//- 0$ proqno 81 -//- -//- -//- T gpans eIy M1
po-yearq - g = OT¢ g~ g9 1T 60 L0 [ -//- -//- 0§ proqud LT -//- -//- -//- gpansTeFy” MI
auoz uoonpqns jo SUNo0[ ou 09 1 - L€0 [ -//- -//- 0g  proqno 44 -//- -/ -//- I qno~eyy~ M1
‘[oul jJo uononpgns ou - gg = OM¢ PI~ 0¢g 20 L0 9°0 -//- -//- -//- -//- -//- 0g A VeV IP~0T®IOM™MI
‘[oul jo uonponpqns ou - og = OM¢ 9~ 0s 8°0 80 9'0 -//- -//- -//- -//- -//- -//- -//- -//- -//- 02eFOM™MI
‘[oul jo uononpqns ou - g = OMé gz~ 0¢g 1 T 9'0 1 -//- -//- -//- -//- 0z A VRV TI°GTRIDM™MI
‘[oul jJo uononpgns ou - g = OM¢ 6~ 0s 1 1 9'0 -//- -//- -//- -//- -//- 0T -//- -//- -//-
‘[oul jo worjonpans ou - g = O Mg 9~ 0g 60 6°0 L0 -//- -//- -//- -//- -//- -//- /- - - STRIDM™MI
JSTLID 19MO UL SMOY uolsnouy 0T~ g9 80 90  9g°0 -//- -//- 00g -//- -//- -//- A VeV Seom= MT
‘[our jo uorPNpqus ou 01~ g9 80 90  9€°0 -//- -//- 0sg -//- -//- -//- |- - - 8u013s” MI
UOIEWNYXe OU - JO-yealq ou 09 9'1 - 190 -//- -//- -//- -//- -//- o} A VeV ST 10MO" M
UOTIRWNYXD OU - JJO-3edlq ou 09 [=3hs - ¥F0 -//- -//- -//- -//- -//- 4 -//- -//- -//- 0T~ 10MO01" T
jred
1oddn uorjewinyxe oje[ - JO-NeAIq G LT~ 09 1 T cP0 -//- -//- -//- 509 proqno <4 -//- -//- -//-
powmyxo jaed roddn - go-yesiq PI~ 09 1T L0 70 -//- -//- -//- -//- -//- 0z -/ - - G IOMOT” MT
AOQ_ .«O QOmu
-onpgns ou - uorEWNYXe Isey AI0A g~ 09 g0 70 T0 -//- -//- -//- -//- -//- o1 -/- - -
odeys-r -
uotsnpour o31e] ® Jo Jurpueq xo(duwos o1~ 09 60 80  9£°0 € 000€ 947 6'9¢ Teondie ar 0Z61 o1 oSt soueIe§oI M
[en] % ~ Xew  ownyxe uUwoW pa [gW/  [ow/ [uy] [wsy]  [oy] o uay]
SjuOWWO)) SWNYXD do do do do eveld S Jd A ¢ adeys  (z)dIN  (X)dIN °M'H °Uim




9U0Z UOIPNPNS JO SUDO[ ou ov 9’1 - S0 [ -//- -//- 0¢  proquo 81 -//- 0e -//- G TI7IPTO" MI
auo0z uoPNpqns jo SuUBPO[ ou <2 4 - [=}0] g1 -//- -//- 0g proqno LT -//- 0z -//-
Quoz uoronpqns jo Suryoof -
uorPNpPANs Uo “[oUl Jo duenyut o3ny ou g9 60 - 620 g -//- -//- -//- -//- -//- -//- oz -//- G170 MI
adeys- -
uorsniout a8re] e jo Surpuaq xojduros G 9~ c9 1 70 820 (<38} -//- -//- -//- -//- -//- -//- 0T -//- G TI970" MI
odeys-r -
uorsnour e8re[ e jo Surpueq xo[duwod ou 09 1 - ge0 -//- -//- -//- -//- -//- -//- 0861 0z -//- 0T 3USI" M T
adeys- -
uotsnpout o81e[ ® jo Suipueq xo[dwod g LT~ 09 11 g0 €0 -//- -//- -//- -//- -//- -//- Gz61 0g -//- S8 M
‘[oul Jo uorPNpgns ou - Sulpueq ou G T~ gg €90 70  2T0 -//- -//- -//- -//- -//- -//- 0061 0z -//- 0T~ WO MI
syonpqns eoerd [rews A[uo g T~ 09 80 ¥'0  2%0 -//- -//- -//- -//- -//- -//- 0161 0 -//- 0T~ HeT" MI
adeys-r -
uorsnpout o81e[ ® jo Suipueq xo[dwoos ¢ T~ 09 60 g0 €0 -//- -//- -//- -//- -//- -//- G161 02 -//- S eI MI
uoONpPANs Uo ‘[oul Jo eouenyur o8Ny ou 09 T 70 620 -//- -//- -//- -//- -//- -//- -//- 0z -//- 02-0ST™MI
adeys-r -
uorsnpour o31e] ® Jo Jurpueq xo(duwos 01~ 09 6'0 70 2E0 -//- -//- -//- -//- -//- -//- -//- [ -//- ST-0GT™MI
adeys-A -
uorsnout 931e[ € jo Surpueq xordwiod Lg~ o¥ T T 70 -//- -//- -//- -//- -//- -//- 0002 -//- -//- 0€r VI
- odeys-A -
uorsnpour o3re[ ® jo Jurpueq xoidwos  Lg~ et 1 1 70 -//- -//- -//- -//- -//- -//- 010% -//- -/ 02 VI
adeys-A -
uotsnpout o81e[ ® Jo Suipueq xo[duoo 6~ 0€ [ €0 70 -//- -//- -//- -//- -//- -//- G10¢ -//- -/ SITVI
uorjewny
-xo ou - odeys-A - widYj098 HTI ou [ 1T - 70 -//- -//- -//- -//- -//- -//- 020% -//- -//- MZIT 0TI VI
adeys-A -
uotsnpout o31e ® Jo Jurpueq xoduwos 6~ ov 1 €0 70 -//- -//- -//- o€ -//- -//- 020¢ /- -/
Surpuaq
ou 4sowe - ‘[OUI JO UOHONPIUS }SE] ou [t 90 - 70 -//- -//- -//- -//- -//- [oig 0£0T -/- /-
uoryewnyxe ou - adeys-A -
uorsnpout 931e[  Jo Suipueq xo[duwoo ou 0e s - 9'0 -//- -//- -//- -//- -//- og 0£0% -//- -//- 0EP™VI
odeys-r -
uorsnpout o31e] ® jo Jurpueq xo(duwos [t 4 09 9'0 9'0  €£°0 g -//- -//- -//- -//- -//- /- - - G0~ M I
adeys-r -
uorsnpout o81e[  Jo Suipueq xo[duod 01~ g9 60 60  €£0 g1 -//- -//- -//- -//- -//- A VAV G TI9” MI
‘[oul jo uorPNpqns ou - SuIpueq ou gL~ 0g <0 €0 %0 -//- -//- -//- -//- -//- -//- 0061 -//- -/ "0z HeT MI
adeys-r -
uorsnpour o31e]  Jo Jurpueq xo(dwos o1~ 09 60 80 950 € 000€ avy 6'9¢ Teondie ar 0261 o1 oSt PoueI0§oI M
[en] % ~ Xew  owmnyxe uUeowW pa [gW/  [ow/ [ur] [wsy]  [oy] o uay]
SJUSWIUWION  SWNYXS do do do dOo  everd 8] Jd A ¢ adeyg (z)dIN  (X)dIN  °"'H  °"'m




2u0z uoIdNpgns jo SUINoo[
- adeys-7 - og = O7T¢ - 1sni1d 10MO]

ABooey1 eseqel - uneyzoes MOT ou o€ 60 - 20 -//- -//- -//- -//- -//- 8T 1961 < 0g
adeys- - og = 27T¢ 01~ 00T 8°0 80 8°0 -//- -//- -//- -//- -//- 8T 1961 < 0g
3sSnao ,H®>>O~
ABofoey1 eseqer - wWeYl008 MTT P~ o€ 70 70 10 -//- -//- -//- -//- -//- 44 1961 g 0g MI187670¢"VI
3sSnado ,H®>>D~
ASojooy1 oseqer - wIayjlod8 ITT ou 0g 70 - z0 -//- -//- -//- -//- -//- -//- -//- I 0g
H :‘EEVA
‘o Surpueq xoidwoo - oy = OM¢ ou 0e 9°0 - €0 1 -//- -//- -//- -//- 0c 0861 ¥ o¥ 7 0¥ VI
H :@_:w
‘o Buipuaq xo[dwoo - g = OM¢ ou o€ g0 - €0 1 -//- -//- -//- -//- 0z 0L61 € o
H :NEW
‘o Surpuaq xo[dwod - g = OMg¢ ou 0z 90 - €0 1 -//- -//- -//- -//- o€ 086T € 0€ P €70E7VI
‘o Surpuaq xo[dwoo - g = OM¢ ou 0z L0 - 70 1 -//- -//- -//- -//- 0z 0861 € 0e 023 €70€"VI
T [rews
‘o Surpueq xo[dwoo - g = OM¢ ou 0g L0 - 7’0 1 -//- -//- -//- -//- 0z 0861 € 0€ G13€0E7 VI
H :‘NEM
‘o Surpuaq xejdwoo - o = OM¢ ou 0g L0 - 70 1 -//- -//- -//- -//- 0e 0861 € 0€ €7087VI
Suipueq ou - uoryRWNYXe €] G pr~ 0g z'0 z0 €10 -//- -//- -//- -//-  proqnd -//- -//- 0z 0e arenbs M\ T
Sulpueq ou - uojRWINYXS Ise) g P~ 0g z'0 20 LT°0 -//- -//- -//- -//- -//- -//- -//- 0e 0z
dO mo] - oryex yoadse oSre] g LT~ oF [400] 1°0 10 g1 -//- -//- 0 proqmno LT -//- [0)s 0z G TI07IS™OT MI
dO Mmo] - orjer joadse o81e]  G'LT~ ov z'0 10 10 [ -//- -//- 0g  proqno L1 -//- o1 0e G TI0T[S™O" M
Surpueq ou - uoryRWINYXS ISR} L~ 0g T0 0 LTO -//- -//- -//- -//- -//- -//- -//- o1 0z 01708"MI
Aejerdwon sjonpqns uoisnoul ou 0¥ 80 - 90 -//- -//- -//- -//- -//- ge 0961 [ 0z 0F176"02" M1
A1ejerdwron syonpqns uorsnpour ou ov 8°0 - 9°0 -//- -//- -//- -//- -//- ge 0861 g 0g 0879705 MI
oou
uoronpqns oy} e sfejs uolsnout ou o¥ 80 - 9°0 -//- -//- -//- -//- -//- g€ 061 g 0z 0T1°6708" M1
ssoooad uorjonpqgns ou -
‘[oUl JO SOUSNPUL OU - WLISY)09T T ou 0 10 - S0°0 g1 0082 -//- -//- -//- 0] 2 0661 4 014 301872702 VI
‘our
Jo worioNpAns - ‘[oUl JO PdUNYUL OU ou 0 €0 - GT0 -//- -//- -//- -//- -//- 0z 066T 4 02 0z VI
‘[oul Jo eduBnyUL OuU g 0 10 10 S0°0 -//- -//- -//- -//- -//- -//- 0861 4 [0} T0T"VI
auoz uorPNpqns jo SuIy20] ou ov [ - g0 -//- -//- 0g  proqnd ST -//- sz -//- G TI07gIP > MI
auo0z uoPNpqns jo SuUnBPO[ ou oF €1 - [=}0] [ -//- -//- 0g  proqmo LT -//- 14 -//- G TI07ZII2" MI
AQ:w ,*0 wi—.—uﬁ®ﬁ mﬂ®~ - :Ouunuﬁv
-qns uo uorsn{pul jo eduengul oFny eI~ 09 1 7'0 €0 -//- -//- -//- -//- -//- -//- -//- et -//-
adeys-r -
uorsnpour o8ref ® jo Surpuaq xo[duroo 01T~ 09 60 80 950 € 000€ 47 6'9¢ Teondre aT 0261 o1 0ST PoueI0§oI M
[eN] % ~ Xew  owmyxe uUeoW pa [gW/  [ow/ o] [woy] o] [ws]
SJUSTIWION  SWNYXD do do do do eveld 8 d A ¢ adeys (z)dIN  (X)dIN  °"tH  °"'m




sjonpqns Kajerd

-wod  ‘pour - adeys-A - WILYJ098

M6 - 3snId 1emo[ ASofoeyl eseqeiq 11~ 0 gI< - 90 -//- -//- -//- 0% -//- 44 0002 6 00T TU 01167001 VI
sjonpqns Aejerd
-wod  ‘pour - adeys-A - WILY)098
M6 - 1snId 1emol A8ofoeyl eseqelq ou 0e  TI< - 90 -//- -//- -//- 54 -//- 44 000% 6 00T Y 0T1"6700T"VI
WO‘M.«,:JW
03 9s0[0 ‘[oul - adeys-A\ - WILY3093
36 - snId 1emo] AZo[odyl oseqeI(] ou 0 TI< - 9'0 -//- -//- -//- 0¢ -//- 44 0661 6 001 TU6-001T"VI
Owahﬁm
03 9so[2 ‘[our - adeys-A - wWILYl003
M6 - 3snId Temo] ASojoayr oseqerq ou 0 TI< - g0 -//- -//- -//- 94 -//- 44 0661 6 00T Y 6-001"VI
odeys-] - 3SNID 1omO]
ASojooy1 eseqerq - ueyloed Mg ou 0 60 - 70 -//- -//- -//- -//- -//- 54 -//- 8 00T 8700T"VI
adeys-A - 3SnId 10mO|
ABoloey1 eseqelq - ULLY}0L8 36 P~ cg T S0 9°0 -//- -//- -//- ov -//- 44 0861 9 001 ZP0TI"9700T"VI
adeys-A - 3snId 1omof
ASoroey1 oeseqerq - wWILY}0e8 16 g1~ ag 1 S0 9°0 -//- -//- -//- oV -//- 44 0L61 9 00T TP 0TI 97001 VI
adeys
-A - 1S 1emol £3o[oeyl eseqel eI~ [ 1 <0 9'0 -//- -//- -//- ov -//- €T 0861 9 00T TP 0I1"9700T"VI
adeys
-A - 1SN 1emo] ABo[oeyl eseqerq TI~ et T S0 9°0 -//- -//- -//- ov -//- e 0L61 9 00T
adeys-A - 3sSnId 1omof
ABorooyr oseqerq - widYI008 36 eI~ ge 1 g0 9°0 -//- -//- -//- 04 -//- 44 0861 9 00T 3687011797001 VI
adeys-A - 3SNId 1omO[
ABo[ooy1 eseqerq - WidYJ093 3G I~ [ 1 [=}0] 9'0 -//- -//- -//- ov -//- [44 0L6T 9 00T  68702179700T"VI
adeys
-A - 1snId 1emo] £3ojoeyi eseqel( 11~ ge 1 S0 90 -//- -//- -//- ov -//- 44 0861 9 00T 01197001~ VI
adeys
-A - 1snId 1emo] £Sojoeyl eseqelq 8~ g€ 1 g0 9'0 -//- -//- -//- 04 -//- 44 0L61 9 00T 021"97001"VI
odeys-r] - 3SNIO I9MO]
ASoroeyx eseqerq - WLY3098 MZT ou 0 60 - €0 -//- -//- -//- -//- -//- 44 -//- 9 001 9700T"VI
1sSnad .HDN,POM
ASotoey1 eseqerq - weY30ds T ou 0¢g 90 - 70 -//- -//- -//- -//- -//- qz 0261 9 08
‘[oul JO UOIONPQNs OU - JSNID I9MO]
ABojooy1 eseqerq - ueyl0e8 MG 8~ 14 1°0 0 <00 -//- -//- -//- -//- -//- 81 0861 8 09 8709°VI
‘[out jo uononpqns 9sey - og = 27¢ ou 0g T - L0 -//- -//- -//- -//- -//- 44 0861 9 09
Q[juew oY) Ul ‘[oul
jo Surpueq - ‘[oUl JO UOIONPANS jsE) ou o1 90 - 70 -//- -//- -//- -//- -//- €1 080% 9 09
‘[out jo uory
-onpqus ou - ‘[out jo Suipueq [[euws eI~ 14 €0 €0  ST0 -//- -//- -//- -//- -//- €1 0£0% 9 09
odeys-r -
uorsnpout o31e| ® Jo Jurpueq xo(duwos 01~ 09 6'0 80  9€°0 € 000€ 544 6'9¢ [eondiqe a1 0261 o1 oSt 2ouL18J01” M
[eN] %, xeur swmyxs ueow [e/w0] T,E\ [four/ [tq] [uy] [oy] [oy]
SjueWWO)) SWNYXD do do do do Prhg 8y d  u ¢ adeys  (z)dIN  (X)dIN °M'H °Mim




Surt

-pueq spiemdn - ‘[oul jo uoronNpqns
ou - 1snId 19MO] A30]0eYl eseqeI] 11~ 0e 60 z'0 [0} -//- -//- -//- -//- -//- 0T 0L6T o) 0z1 0TI 01708T"VI
.Tv:m .*O CO«QU#—TQ—JM ou - 3snid k®>>0~
ABoroey1 eseqerq - wWeY3098 MET 8~ ov ¥'0 7’0 20 -//- -//- -//- -//- -//- -//-  o0g61 o1 021 METS 0T 08T VI
‘[oUl JO UOIONPQNs OU - }SNID IoMO]
ASotoey1 eseqerq - wWioy3ods MET 8~ ag 70 7'0 10 -//- -//- -//- -//- -//- 81 -//- o1 0z1 METS 017081 VI
Quoz uoIdNpgns
jo Sunyoo] - odeys-7 - ISNIO IoMO]
ABojooy1 eseqerq - weyloed MIT ou oF [=}0] - [0} -//- -//- -//- -//- -//- 4 -//- [0} 0z1 MIT8701703T"VI
odeys- - }SNID I19MO]
ABoroey1 eseqerq - wWeY3098 MTT 01~ ov g0 S0 S0 -//- -//- -//- -//- -//- 0z -//- o1 021 SMII870T708T"VI
Suipuaq spremdn -
‘[oUul JO UOIONPQns OU - ISNID I9MO]
ASofoey1 eseqerq - weY3ods MTT 01~ o€ 80 10 ¢€0 -//- -//- -//- -//- -//- 0z 0L6T 8 0z1 MTT18°8703T VI
‘[oul JO UOIONPQNs OU - JSNID I9MO]
ABojooy1 eseqerq - ueyloed MIT 0T~ 0s 90 90 9'0 -//- -//- -//- -//- -//- -//- 0L6T 8 0cT 87021 VI
Surpueq ou - uonpewINyxe jse} AI10A 01T~ o€ 70 ¥0 120 -//- -//- -//- -//- -//- -//- -//- 0z 001 027001~ MI
‘[our jo uory
-onpqns ou - UOjRWINYXd sk} AIoA 0T~ 0¢g g0 70  2Z0 -//- -//- -//- -//- -//- -//- -//- [ 00T ST700T"MI
‘[our jo uorgonpqns Isej ou o1 9'0 - €0 -//- -//- -//- -//- -//- |4 0£0% -//- 00T
‘[our Jo uorPNpqus ou o1~ g g0 g0 €0 -//- -//- -//- -//- -//- €1 ogoz  -//- 00T
‘[our jo uorty
-onpqns ou - uojEWNYXS jsej AI0A 01~ 09 g0 70  ¥g0 -//- -//- -//- -//- -//- -//- -//- -/ 00T 0T-00T"MI
pownyxe jred toddn - go-jesiq €T~ 0g T 8'0 €0 g1 -//- -//- 0S¢ Pproqno 44 -//- -//- 00T quo~eyy~ M1
adeys-A - wioyjoos
36 - 3snId Temo] ASolooyi oseqeIq TI~ 09 60 6'0 9°0 -//- -//- -//- 94 -//- 44 0661 6 00T
adeys-A - wieyjoeld
M6 - 1SnId 1emol AFofoeyl eseqelq g~ ¢e  TI< 70 [0} -//- -//- -//- 0g -//- 1T 0861 6 00T
adeys-A - wIayl093
38 - ISNId 1emo[ AFo[osyl eseqel( 8~ ge  gI< 70 9°0 -//- -//- -//- 0g -//- 12 0861 6 001 Y 12767001"VI
adeys
-A - 1snId 1emo] £Sojoey1 eseqelq TI~ g TI< 70 9'0 -//- -//- -//- 0S -//- 44 0661 6 00T U 6700T"VI
sjonpqns Apejeidwos ‘[our - adeys
-A - 1S 1emol £3o[oeyil eseqel( ou ¢e  TI< - L0 -//- -//- -//- 0% -//- 44 000¢ 6 00T PUO0TI67001"VI
syonpqns Aperejdwod ‘[our - adeys
“A - SN 1amo] ABo[oeyl eseqerq ou ge  gI< - L0 -//- -//- -//- 94 -//- 44 0002 6 00T €40T1°67001T"VI
adeys
-A - ISNID Iomol ABo[ooyr eseqel( TI~ ge  TI< €0 [<300] -//- -//- -//- 94 -//- 44 0661 6 00T €U"6700T"VI
odeys-r -
uorsnpout o3re[  jo Jurpueq xoduwos 0T~ 09 6'0 80 980 € 000€ 524 6'9¢ [eondiqe a1 0z61 o1 oSt eouLIRJOI" M T
[en] % xew ownyxe uweswr [e/wo] [gu/ [fow/ [wy] [tusq] [tay) [way]
SHUDWWO))  dWNYXD do do do do  Pfa s d A ¢ adeqys  (z)dIN (X)dW °™H  °"'m




syonpqns Apejeidwod ‘[our - adeys

-A - IS 1emol £3o[oeyl eseqel( I~ ¢e  TI< 70 9'0 -//- -//- -//- gg -//- 44 0861 41 0z1 9YZ17021"VI
sjonpqns Kpejerdwos ‘[our - adeys
-A - 1snId 1emo] £Sojoeyi eseqel( TI~ gge  gI< 70 90 -//- -//- -//- 0% -//- 44 0861 48 0z1 SUTZT0gT"VI
adeys-A -
uotsnout a8.xre[ € jo Surpuoq xo[duwod L~ <14 L0 10 Sz°0 -//- -//- -//- o€ -//- 144 0861 43 0zTT €U T 02T VI
adeys-A
- uotsnpour o81e[ e jo Surpusaq xo[d
-WoD - 3STID I9MO] ABO[0dYL BseqrI( 8~ gz G80 z'0 €0 -//- -//- -//- ov -//- 44 0861 41 031 U1 0gT"VI
adeys-A -
uorsnjour 981e] e jo Jurpuaq xojdurod
- 3snIo 1emo[  ABo[oeyr oeseqerq I~ 0€ 8'0 70 gE0 -//- -//- -//- 94 -//- 44 0L61 48 0z1 qZI0g1"VI
adeys-A - ISNId 1omO]
ABojooy1 eseqer - uey3oe8 MOT P~ ge  TI< 70 9'0 -//- -//- -//- gg -//- 1T 0861 11 02T TU™MO0TIS 11701 VI
adeys
-A - IS 1emol £8o[oeyl eseqel( L~ ¢e  TI< 70 9'0 -//- -//- -//- gg -//- 44 0861 48 021 U IT 02T VI
adeys
-A - 3 Iemo] KSo[oeyr eseqerq L~ gge  gI< 70 9°0 -//- -//- -//- 0% -//- 44 0861 48 0z1 Y 117021 VI
adeys-A - ISNId 1omO[
ABolooy1 eseqerq - WidY}093 6 0T~ ¢e  TI< 70 90 -//- -//- -//- 0% -//- 44 0861 11 02T U 368 117081 VI
w&&:wl\/ - 3sSnado k®>>0~
ASoloey1 eseqelq - uLLY}0e8 316 01~ ge  TI< 70 90 -//- -//- -//- 52 -//- 44 0861 Tt 02T U M63 117081 VI
adeys-A - wioyjoos
MOT - 3sn1d 1emo] ASo[oay1 oseqerq P~ gge  gI< 70 9°0 -//- -//- -//- 49 -//- 1T 0861 11 02T U MO0TS 117021 VI
adeys-A - wieyjoel
30T - ISNID 1omo[ A3o[0oyl eseqel( P~ sy TI< 70 9'0 -//- -//- -//- 0g -//- 1T 0861 11 0z1
odeys-A - wIayl093
36 - snId 1emo] AZo[odyl oseqeI(] g~ ge  gI< 70 S0 -//- -//- -//- gg -//- 4 0861 1T 0zT  PUM6S 11701 VI
adeys-A - wioyjoos
M6 - 3snId Temo] ASolodyi oseqeIq P gg  gI< 70 g0 -//- -//- -//- -//- -//- 12 0861 Tt 02T €U M63 117031 VI
odeys-A - uorsnpour a3ie[
e jo Suipuaq xo[dwiod - 3SNId I9MO]
ABolooy1 eseqerq - ueyloed MIT eI~ 09 11 11 9'0 -//- -//- -//- 54 -//- 0g 0261 [0} 0z1
adeys-A - uorsnour a81e|
e jo Surpuaq xo[dUWIOd - ISNID I9MO][
A8ofoey1 oseqer(] - wWIdylo98 MIT 0T~ 00T 9°0 90 0 -//- -//- -//- -//- -//- 0z 0S6T o1 0z1
adeys-A - uorsnour a3ae[
e jo Surpuaq xo[dWIOd - ISNID I9MO]
ABojooy1 eseqerq - WidY}098 36 01~ 0€ 6'0 70 €0 -//- -//- -//- 94 -//- 0g 0L61 o1 0z1 ©IY 017081 VI
odeys- -
uorsnpout 931e[  jo Suipueq xo[duwoo 01~ 09 60 80 980 € 000€ 544 6'9¢ Teondre qT 0z61 o1 0ST 90UB10J01" M
[eN] % xeuw swnyxs uweawr [e/wo] FE\ [fow/ [txq] [wy] [tay] [tay]
SIUSWWOY)  SWNYXD do do d0 do Pha 8 d A ¢ adeqys  (z)dIn (X)dw °™H  ""'m




ISTLID JOMOTT )T ‘[PUURYD YoM DA\ ‘UOIS[OUL :'[OUL
‘UOTYRINUIIS 9OUSISJOI O} Se ON[RA SUIRS :-//- SUOIIRIASI(QY (UIIOY)00S 90USISJOI-UOU © OYI]) Sesed [euonippe [emwads pue (yjdop eousIsjoI-uou e Ul
uny g Jo 3wy ' pue ws )T JO YIPIM ® [IIM UOISN[oUl = [p-9 00T o) uorisod-A-x o1} ‘(jouueyd uoronpqns oy} 2aoq(y) uosnpu(]) = yI 9J)
UTeWOP ST} Ul WOISN[OUT Y[} Jo uolyisod o1} JO UOIJRUIUIOD & WOIJ S9JeUISLIO SUOT)R[NUIIS 91} I0] 9INJR[DUSWION JY], 'suidsyjed uorjeuriojop Terdods
I0 uorsnyoul 9y} Jo adeys RUOIIN[OAS SAIJOUIISIP ‘Pasn a1oym Jey) siojeuwrered [erads 10Yje Jo UOT}dIIOSOp 1IOYS SIUSWWO)) ‘9oBJINS 9} 0} PIWNYXS
St uotsnyout oy} Jo pred 9s1y oy} yoIym Ioye owr pajeurtxoidde :[ey] swnyxe ‘emssord otureudp o) 09 109dsel Yiim oinssaidiono Jo oFejuediod
o8erae 05 JO ‘®J5) UT WOISNIOUI Y} UT PIAISSCO SINSSAIAIOA0 TUNWITXRW dFRIOAR XeUI J(O) ‘BJY) Ul UOTJRINIIS 9} JO SWIUNI 81} SULINP POAISSO
sem JeY[} ‘UOISNOUI 9y} JO 9INSSoIdIoA0 pawNYxo afeIoA® PUWNYXd JO ‘“BJY) Ul UOISN[OUI S[OYM O} Ul PIAISSqO aInsseIidioso ofelrsse :ueswl JO
“e/wo ur oyerd oyy Jo Ayoofea uoisserduwod poqudserd :[e/wd] P ‘ w /Sy ur uowsnpul oy Jo Aysusp :[wr/ By] ¢ ‘uorsnpur oy 10y £3o100yr desro
TUOTIRIO[SIP O1[) UI Pasn ASI9Us UOTRAIIOR :[[oTI/ [¥] H ‘UOISN[OUI dY} 10] Pasn o[3ue WOIPOLI :¢ ‘(IR[NDID 10 Proqnd ‘[edrydI[[e 9q Wed) UOISN[OUT o)
jo odeys :odeyg wy Ul z ul uorsnoul o) jo jutodprur : [urs] (z)JIN ‘W Ul UOIPOLIIP X Ul worsnour o1y jo jurodprur :[uy] (X)JIN ‘UI Ul uolsniout
o1} JO WSToY :[uny] °WH ‘I Ul UOISN[OUT 91} JO YIPIM :[wy] °WAp :9ySLI 07 9Jo] wiol] Suipeey ‘suolje[nuuls peuriojtad Jo s)nsal Jo o[qe], :gS HIIV.L

adeys-T -

uorsnpur d3ny © Jo Jurpusd xopdwod (45 0S T g0 90 -//- -//- -//- -//- -//- -//- -//- 0z 00% 02700%7" M T
odeyg-r - uorsnd

-ur e8ny e jo Surpueq xodwiod jsej L~ 0g 11 S0 9°0 -//- -//- -//- -//- -//- -//- -//- ST 003

Suipuaq

ou jsoW[R - ‘[OUI JO UOIINPINS }SE] ou o€ 1 - 70 -//- -//- -//- -//- -//- -//- G90T -//- 002 0T700T™®" MI

auoz uoonpqns jo SuINoo[ ou 0g [ - 7’0 g1 -//- -//- 0g  proqno -//- -/ -/ 002 G TI07GTP " MI
auoz uorjdnpqns
Jo Supyool - adeys-] - ISNIO I9MO]

ABooay1 eseqel - uney3oed Mgl ou 0g 1 - 7’0 -//- -//- -//- -//- -//- e -//- 48 ovt g1 0v1I"VI

potypear ploy 931s000 - adeys-A ]~ 09 1< T 9'0 -//- -//- -//- og -//- t44 0002 zI 0ZT uorsn{out Suoilg
payoeal p[ay 931s000 - adeys

-A - 1SN 1emo] ABo[oeyr eseqerq  frL~ ov  gI< S0 S0 -//- -//- -//- ov -//- 44 0861 48 0z1 011"217021"VI
sjonpqns
Ayerdwioo  ‘pour - adeys-A - Qg =

OT¢ - 4sn1d 10Mm0] AF0T00Y1 OSBRI ou 0€ 1 - 8°0 -//- -//- -//- 0€ -//- 44 0861 48 02T ¢OTOIrEI 08T VI
syealq ‘[out - adeys-A - 0¢ =

OT¢ - gsnio 1emo] £Bojoeyr aseqelq ou 0g 60 - 70 -//- -//- -//- o€ -//- 44 000% 41 0z1 01 Suong
mPUEﬁﬂ.ﬁW
A1ogordwon  -our - odeys-p - 0g =

OT¢ - 4sn1d 10Mm0] £F0]00Y1 BSEARI ou 0€ 1 - L0 -//- -//- -//- og -//- 44 0861 4 0zT  OT 0L EI 0gT"VI
poyoeal p[ay 911s000 - odeys

-A - s Iemo] ASo[oeyr oseqerq 0T~ s 1< S0 g0 -//- -//- -//- 0€ -//- 44 0861 48 0z1 0TI g1 0s1 VI
adeys-A - ISNIdD 1omoO[

ASojooy1 eseqerq - uweyl0e8 MOT P~ ¢e  TI< 70 90 -//- -//- -//- 0% -//- 12 0861 41 0gT U MO0IS8 217021 VI
adeys

-A - ISnID 1emol £8o[oeyl eseqel( 6~ ge  gI< 70 9'0 -//- -//- -//- 0g -//- 12 0861 48 0zT U ™M68ZI 01" VI
adeys- -

uorsnpour o8ref ® jo Surpuaq xo[duroo 0T~ 09 60 80  9£0 € 000€ 47 6'9¢ Teondre aT 0261 o1 0ST @ouaILjoI M

[en] % ~ Xew  owmyxe ueow [e/wo] [gw/  [row/ [ousy] [wsy]  [oy]  [uay]

SIUDWUIO])  SWNYXD dO d0 dO d0 Pra 8l d A ¢ adeys (z)din  (X)dIN  °Y'H  °"'m






